Protein molecules in solution or in protein crystals are characterized by rather well-defined structures in which a-helical regions, /^-pleated sheets, etc., are the key features. Likewise, the double helix of nucleic acids has almost become the trademark of molecular biology as such. By contrast, the structural analysis of lipids has progressed at a relatively slow pace. The early X-ray diffraction studies by V. Luzzati and others firmly established the fact that the lipids in biological membranes are predominantly organized in bilayer structures (Luzzati, 1968) . V. Luzzati was also the first to emphasize the liquid-like conformation of the hydrocarbon chains, similar to that of a liquid paraffin, yet with the average orientation of the chains perpendicular to the lipid-water interface. This liquid-crystalline bilayer is generally observed in lipidwater systems at sufficiently high temperature and water content, as well as in intact biological membranes under physiological conditions (Luzzati & Husson, 1962; Luzzati, 1968; Tardieu, Luzzati & Reman, 1973; Engelman, 1971; Shipley, 1973) . In combination with thermodynamic and other spectroscopic observations these investigations culminated in the formulation of the fluid mosaic model of biological membranes (cf. Singer, 1971) . However, within the limits of this model the exact nature of lipid conformation and dynamics was immaterial, the lipids were simply pictured as circles with two squiggly lines representing the polar head group and the fatty acyl chains, respectively. No attempt was made to incorporate the well-established chemical structure into this picture. Similarly, membrane proteins were visualized as smooth rotational ellipsoids disregarding the possibility that protruding amino acid side-chains and irregularities of the backbone folding may create a rather rugged protein surface. In this article we draw attention to the significance of phospholipid conformation for the organization of biological membranes. Distinct conformational constraints are imposed on the phospholipid molecules, on the headgroups as well as on the fatty acyl chains. To represent the bilayer by a confusion of entangled lines is certainly an oversimplification. Many features of phospholipid conformation are qualitatively and quantitatively quite similar and are independent of the specific chemical nature of the phospholipid investigated. New methods have been designed and a wealth of experimental data has been accumulated during the last five years; the purpose of this review is then to summarize the more general features of lipid conformation which have emerged from these studies. Due to lack of space simple soap-like bilayers will not be included in this article.
II. SPECTROSCOPIC METHODS FOR MEMBRANE STUDIES

Deuterium magnetic resonance
By means of chemical synthesis or biochemical incorporation deuterium is introduced at a specific site of the phospholipid molecule, i.e. at the polar head group, the glycerol backbone or the fatty acyl chains.
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Virtually all segments of a phospholipid molecule are accessible by means of a suitable combination of both techniques. The selective replacement of 1 H by 2 H is not expected to perturb the natural arrangement of the molecule in the membrane, except, perhaps where specific hydrogen bonding is involved. The natural abundance of deuterium is low (0-016%) and deuterium magnetic resonance has therefore the advantage over other types of nmr spectroscopy in that the deuterium nmr signal can be immediately assigned to the deuterium labelled site. At the same time the magnetic dipole moment of 2 H is a factor of ~ 6 smaller than that of X H and interactions with neighbouring protons have little effect on the spectrum. The 2 H-nmr spectrum is therefore easy to analyse. In an unorientated sample, as most membrane preparations are, the deuterium quadrupole interactions give rise to a characteristic powder-pattern. The spectrum has two distinct peaks, the separation of which is the so-called deuterium quadrupole splitting Av Q . The deuterium quadrupole splitting may be used to calculate the deuterium order parameter S CX) according to Av Q = ( §) (e % qQ/h) S CT) .
The deuterium order parameter is a measure of the motional anisotropy of the particular C-D bond investigated. If 0 denotes the instantaneous angle between the C-D bond and the direction of the bilayer normal then 5 C D is defined as~5
?©-i),
where the bar denotes the time average. Only the absolute value of the deuterium order parameter can be determined from equation (1) since the sign of the quadrupole splitting is generally unknown. The static deuterium quadrupole coupling constant is 170 kHz for aliphatic C-D bonds (Burnett & Muller, 1971) and about 175 kHz for olefinic C-D bonds (Kowalewski et al. 1976; Achlama & Zur, 1979) . It is not affected very much by the chemical nature of adjacent substituents.
The power of deuterium nmr is illustrated in Fig. 1 for bilayers of phosphatidylglycerol where the three methylene segments of the glycerol head group have been deuterated (Wohlgemuth, WaespeSarcevic & Seelig, 1980) . The 2 H-nmr spectrum of the perdeuterated phosphatidylglycerol (uppermost spectrum) shows three quadrupole splittings which can be assigned to the individual headgroup segments 3,3'-DPPG is the corresponding L,L enantiomer, while 3,rac-DPPG represents an equimolar mixture of the two diastereomers. The sodium salts of the corresponding lipids were dispersed in buffer to form coarse liposomes.
(~i5 wt% lipid, excess PIPES buffer pH 7-0, 01 M-NaCl). The 'H-nmr measurements were made at 61 -4 MHz at a temperature of 43 °C (gel-to-liquid crystal phase transition temperature 41 °C). Reproduced with permission from Wohlgemuth et al. (1980) .
by comparison with the selectively labelled compounds. Fig. 1 demonstrates that the three head-group segments, though chemically rather similar, are characterized by distinctly different residual quadrupole splitting constants Av Q and, consequently, have different motional properties. The sensitivity of 2 H-nmr is further exemplified by the observation that it is possible to differentiate clearly between the L and D configuration of the head group (3,3'-DPPG and 3,i'-DPPG in Fig. 1 ). Under favourable circumstances one may even resolve the two deuterons of a CD 2 group individually (cf. the spectrum of CH 2 -CH -CD 2 -3,3'-DPPG in Fig. 1 and Wohlgemuth et al. 1980) . The deuterium quadrupole couplings, Av Q , are mainly determined by the average conformation of the phospholipid molecules and the amplitudes of the oscillations of the individual segments and therefore provide structural information about the membrane system. Knowledge of the C-D bond order parameter, however, does not in general determine the complete order tensor of the rigid CD 2 group. Additional measurements of, for example, H-D or D-D couplings are required or judicial assumptions must be made in order to complete the structural analysis.
Measurement of deuterium nmr relaxation times sheds light on the dynamics of the phospholipid molecules. Here the advantage is that the relaxation of the 2 H nucleus is dominated exclusively by quadrupole relaxation which considerably simplifies the interpretation of the deuterium relaxation times. A detailed description of the quantitative analysis of deuterium nmr spectra and relaxation times may be found in two review articles (Seelig, 1977; Mantsch, Saito & Smith, 1977) . Due to instrumental limitations 2 H-nmr spectroscopy was originally restricted to the fluid (liquid-crystalline) state of membranes. The introduction of the quadrupole-echo method has considerably widened the range of applications and has made it possible to observe also the very broad resonances of gel-state lipids (Davis et al. 1976 ). An additional complication occurs with gel-state spectra because they cannot be characterized by a single order parameter. Bloom and co-workers suggest the use of an order distribution function p(S) such that, for a quasicontinuous distribution of S, p(S)dS is the probability of finding an orientational order parameter between S and S+dS. This distribution function can be related to the moments of the 2 H-nmr spectrum in a rather straightforward manner . 
NEUTRON DIFFRACTION
The synthesis of selectively deuterated phospholipids is generally quite time-consuming and in view of the labour involved it is rather rewarding that the same compounds can also be employed with much success in neutron diffraction studies. In contrast to X-rays which are scattered at the electrons, the scattering centres for neutrons are the atomic nuclei. In neutron diffraction the coherent scattering amplitudes of the two isotopes J H and 2 H are distinctly different, permitting an easy localization of the deuterated site in the scattering density profiles (for a review see Worcester, 1976) . This is illustrated in more detail in Fig. 2 for bilayers of i,2-dipalmitoyl-.yn-glycero-3-phosphocholine Lipid conformation in membranes 25 (DPPC), which are deuterated at specific sites of the fatty acyl chains (Biildt et al. 1978) . The measurements were made with homogeneously orientated bilayers of DPPC in the gel state and 6 wt% water content. Distances are measured from the centre of the bilayer, i.e. from the contact area of the two juxtaposed monolayers. In Fig. 2 (a) the deuterons are attached at the C-15 carbon atom of both fatty acyl chains and one observes intense scattering density in the bilayer interior. The additional scattering intensity around ±20 A results from the oxygens and the phosphorus contained in the polar groups. If the deuterons are moved further up to the polar group as in Fig. 2(6) , the peaks at the C-15 position are lost and are replaced by a trough, characteristic of the low scattering intensity of non-deuterated terminal methyl groups. At the same time new intensity appears at + 15A, indicating the position of the deuterated C-5 carbon segments. Thus, neutron diffraction combined with the use of deuterated lipids allows an unambiguous determination of the average position of the 2 H-labelled segment in the membrane. In addition, the width of the peaks in the scattering density profile is a measure of the amplitudes of the positional fluctuations around the segmental equilibrium position (Biildt et al. 1979) . Fig. z(c) (Worcester & Franks, 1976) .
PHOSPHORUS-31 NUCLEAR MAGNETIC RESONANCE
No isotope-labelling is required for 31 P-nmr spectroscopy since the natural abundance of this isotope is 100%.
31 P-nmr spectroscopy therefore offers an easy access to the headgroup region of phospholipids. Phosphorus nmr spectra of unsonicated lipid dispersions are characterized by a typical shape which is illustrated in Fig. 3 (uppermost spectrum). The spectral shape is determined by the chemical shift anisotropy of the phosphorus nucleus which is only partially averaged in phospholipid bilayers (for a review see Seelig, 1978) . The residual chemical shift anisotropy, Acr = a quadrupole coupling, Av Q , the phosphorus chemical shielding anisotropy, Acr, results from the averaging of a tensorial property, this time the chemical shielding tensor. Since the molecularly fixed chemical shielding tensor is not axially symmetric (Griffin, 1976; Kohler & Klein, 1976; Herzfeld, Griffin & Haberkorn, 1978 ) the molecular interpretation of ACT is more complicated and requires two order parameters (Niederberger & Seelig, 1976) instead of one for deuterium nmr. However, even without a detailed molecular interpretation, Aer may be used as a convenient measure for the comparison of headgroup motion in different lipid bilayers. An interesting property of phosphorus nmr is its sensitivity to lipid polymorphism (for a review see Cullis & de Kruijff, 1979) . If the geometry of the lipid phase changes from lamellar to hexagonal the phosphorus chemical shielding anisotropy, Ac, changes its sign and is reduced by exactly a factor of two, assuming constant head group conformation. This transition is illustrated in Fig. 3 . In the hexagonal phase the lipids are arranged in cylindrical rods with rapid diffusion of the lipid molecules around the cylinder axis (Seelig & Limacher, 1974; Mely, Charvolin & Keller, 1975) . The additional averaging motion of the phospholipids quite naturally leads to the above mentioned quantitative explanation of the observed spectral changes. A third type of spectrum can be observed if the phospholipid molecules move rapidly through all angles in space. Such an ' isotropic' tumbling may be encountered in a variety of experimental conditions, i.e. in solution, in micelles, in cubic or rhombic phases, or in highly curved lipid bilayers as, for example, single-walled vesicles of small diameter. Such isotropic motions, regardless of their molecular origin, will produce a complete averaging of the phosphorus chemical shift anisotropy and the spectrum then consists of a single sharp line. It is obvious that the observation of such a line in a system of unknown composition cannot be used for structural elucidation.
III. STRUCTURE OF THE HYDROCARBON REGION
(1) Bent and straight hydrocarbon chains From a chemical point of view the two hydrocarbon chains of a synthetic lipid such as i,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) are completely equivalent and it is reasonable to assume a priori identical conformations for the two chains. This idea is however not borne out by the experimental results. Fig. 4 A shows 2 H-nmr spectra of DPPC labelled in both fatty acyl chains at the C-2 segment, i.e. the segment next to the ester carbonyls. A single quadrupole splitting is expected if the chain conformations are the same, but instead the spectrum is characterized by three doublets of quite different separation. By labelling the chains individually the largest signal can be assigned to the sn-i chain while the two smaller signals arise from the sn-2 chain ( Fig. 4B) . As a first qualitative conclusion it follows that the two chains of DPPC are physically inequivalent and adopt different average conformations in the liquid-crystalline bilayer. Subsequent studies on other lipid systems showed that this spectral pattern is indeed a very general property of all natural phospholipids 
Reproduced with permission from Seelig & Browning (1978) .
head groups (choline, ethanolamine, serine) and fatty acyl chains (saturated and unsaturated) (Seelig & Browning, 1978) . The deuterium order parameters have been normalized by referring them to a reduced temperature 0 = (T-T c )/T c (T ^ measuring temperature, T c -±. gelto-liquid crystal transition temperature; T, T c -^ °K). The rationale is to eliminate all effects caused by differences in the gel-to-liquid crystal transition temperatures, which range from -5 °C for POPC to 63 °C for DPPE (DPPC 41 °C; DPPS 51 °C). At 0 = 0 each bilayer is at its respective phase transition temperature. The actual temperature range in Fig. 5 extends from -5 to 90 °C. Nevertheless, all the data are collected in rather narrow bands supporting the hypothesis of a similar physical state at a given 0 temperature. A 2 H-nmr study of a glycolipid, iV-palmitoylgalactosylceramide, has yielded a similar result. Immediately above the gel-to-liquid crystal phase transition (90 °C) two sets of quadrupole splittings with 18 and 25 kHz separation are observed for the C-2 segment of the palmitic acyl chain, corresponding in size and shape to the sn-2 chain of natural phospholipids (Skarjune & Oldfield, 1979a) . The discussion has been limited so far to pure lipid-water systems and it could be argued that the situation is different in biological membranes where the phospholipid conformation is modulated by the presence of membrane proteins. However, if C-2 deuterated fatty acids are added to the growth medium of Escherichia coli bacteria it is possible to obtain in vivo incorporation of the fatty acids into E. coli phospholipids. The spectrum of intact cells (Fig. 6 A) shows again the characteristic spectral 'fingerprint' of the C-2 position (i.e. three quadrupole splittings) which is furthermore virtually identical to the spectrum of liposomes formed from the extracted E. coli phospholipids (Fig. 6B ) (Gaily et al. 1979) . This is a remarkable result since it demonstrates that the conformation of the phospholipid molecule at the C-2 segments is not altered to any appreciable extent by the presence of 60-70 wt % protein. A second in vivo system which has been studied by 2 H-nmr is Acholeplasma laidlawii (Stockton et al. 1977; Ranee et al. 1980) .
Again the results obtained for the C-2 position are completely consistent with the spectral pattern discussed above.
Having established the rather general and unique character of the 2 H-nmr spectrum of the C-2 position the next step is to derive the underlying molecular picture. This is possible by a quantitative analysis of the size of the quadrupole splittings. The difference in the quadrupole Lipid conformation in membranes 31 splittings can be explained by a conformational model in which the beginnings of the two fatty acyl chains have different average orientations with respect to the bilayer surface Schindler & Seelig, 1975) . In particular, the sn-i chain is extended perpendicular to the bilayer surface at all segments while the first CH 2 segment of the sn-z chain is orientated parallel to the surface of the membrane and the chain is bent sharply beyond this segment to also assume an orientation perpendicular to the bilayer surface. As a consequence of this bend of the sn-2 chain the two chains remain out-of-step throughout the bilayer and the sn-i chain penetrates more deeply into the bilayer than the sn-2 chain. In naturally occurring lipids the sn-2 chain is often found to be longer than the adjacent sn-i chain (cf. van Deenan, 1965) . The bend in the sn-2 chain would partially compensate this difference and would minimize packing problems. The axial displacement of the two chains is also sensed, though less dramatically at other positions and the corresponding 2 H-nmr results have been discussed in an earlier review (Seelig, 1977) .
Neutron diffraction studies of deuterated 1,2-dipalmitoyl-jn-glycero-3-phosphocholine (DPPC) and i,2-dipalmitoyl-jw-glycero-3-phosphoethanolamine (DPPE) in the gel-state allow a determination of the mean label position to an accuracy of ± 1 A. For DPPC at 6 % (w/w) water and 20 °C the C-2 segment of the sn-2 chain is about 2 A closer to the surface of the bilayer then the C-2 segment of the sn-i chain . For DPPE in the gel-state the axial displacement of the two chains is slightly larger and amounts to 3-4 A (Biildt & Seelig, 1980) . X-ray structural analysis of phospholipids has been hampered by the difficulty of growing single crystals of appropriate size and quality. However, during the last five years the first two structures have been solved. Single crystals have been obtained for 1,2-dilauroyl-racglycero-phosphoethanolamine (Hitchcock et al. 1974) crystallized from acetic acid and for hydrated i,2-dimyristoyl-sn-glycero-3-phosphocholine (Pearson & Pascher, 1979 ) and a very similar conformation is assumed by the two molecules (cf. Fig. 7 ). In both crystals the sn-i chain takes up the extended all-trans conformation while the initial part of the sn-2 chain extends parallel to the bilayer surface and bends off at the second chain segment to become parallel to the sn-i chain. The axial displacement between the two fatty acyl chains in both crystals corresponds to about 3 methylene groups. 32 J. SEELIG AND ANNA SEEL1G Fig. 7 . The molecular conformation of rac-i,2-dilauroyl-glycero-3-phosphoethanolamine crystallized in bilayer form from acetic acid. Reproduced with permission from Hitchcock et al. (1974) .
Taken together these studies demonstrate quite convincingly that the rather unexpected orientation of the beginnings of the two fatty acyl chains is a ubiquitous phenomenon, typical of model membranes as well as intact biological membranes, and independent of the physical state (crystal, gel or liquid-crystal). Some quantitative differences do exist, however, with respect to the dynamics of the system and the extent of axial displacement of the two chains. In the crystal the individual atoms are fixed to their lattice sites and the axial displacement is exactly 3 -7 A, corresponding to three carbon-carbon bonds (effective length 1-25 A per bond). The physical state of the gel-phase is less well characterized, but 2 H-nmr and Raman studies on simple model membranes such as DPPC suggest that the lipid molecules are undergoing a rapid reorientation about their long axes combined with a small number of trans-gauche isomerizations around C-C bonds (Davis, 1979; Gaber & Peticolas, 1977) . These limited motions reduce the axial displacement of the two chains to about 2 A (or 1*5 carbon-carbon bonds) as evidenced by neutron diffraction ). Finally, above the phase transition temperature the membrane becomes highly fluid, endowing the individual phospholipid molecules with a much larger flexibility than found in the gel phase. The observed quadrupole splittings are the result of a dynamic equilibrium between various conformational states. For the C-2 segment of the sn-2 chain the parallel segment orientation has by far the largest statistical weight. Nevertheless, there is still a small but finite probability that for a brief period of time the first part of the sn-2 chain is orientated perpendicular to the bilayer surface (for details cf. Schindler & Seelig, 1975) .
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The C-2 segment of the sn-2 chain gives rise to two quadrupole splittings. The occurrence of two splittings for the same methylene segments can be accounted for by two different models. One possibility would be the assumption of two long-lived conformations of the lipid molecule with two different orientations for chain 2. This model was originally suggested because of the different temperature dependence of the two signals and was again proposed recently by Ranee et al. (1980) on the basis of an intensity comparison of the two 2 H-nmr signals. An alternative possibility would be that the two deuterium atoms of the CD 2 group are motionally inequivalent and thus produce two different signals. A decision between the two models could be made by stereospecific incorporation of just one deuteron into the C-2 segment. In two analogous situations, i.e. the phosphoglycerol head group of i,2-dipalmitoy)-.sn-glycero-3-phospho-3'-glycerol (Wohlgemuth et al. 1980 ) and the glycerol backbone of DPPC (N. Waespe-Sar6evic & J. Seelig, unpublished) the stereoselective mono-deuteration has indeed simplified the spectra and eliminated one set of quadrupole splittings.
An unusual result has been obtained for bilayers composed of sn-2 phosphocholines. In these molecules the fatty acyl chains are attached to carbon atoms 1 and 3 of the glycerol backbone while the phosphocholine moiety is linked to the sn-2 segment. A much simpler spectral pattern is observed for i,3-di[2,2-2 H 2 ]palmitoyl-SM-glycero-2-phosphocholine than for the i,2-analogue. Fig. 4C demonstrates that both chains and all four deuterons are characterized by the same quadrupole splitting. The size of the quadrupole splitting of the 1,2-DPPC is identical to the average of the two smaller splittings (sn-2 chain) of 1,2-DPPC (Seelig, Dijkman & de Haas, 1980) . This then suggests that in 1,3-DPPC both fatty acyl chains adopt a bent conformation which is also supported by the expanded surface area of this molecule in monolayer experiments. This result may be of relevance in connexion with the action of phospholipase Aa on phospholipid molecules. The enzyme stereospecifically cleaves natural phospholipids at the sn-2 position, i.e. at the bent chain. If sn-2 phosphatidlylcholines are offered as a substrate, both the sn-i or the sn-T, chain can potentially be split off. Which chain is attacked is determined solely by the configuration at the optical centre of the glycerol backbone.
(
2) Order profiles of model membranes and biological membranes
While a rather detailed molecular picture has emerged for the beginnings of the two fatty acyl chains of a phospholipid molecule, no specific conformation can be singled out to describe the rest of the hydrocarbon region. Owing to rapid trans-gauche isomerizations around carboncarbon bonds (jump rate ~ io 10 Hz, Flory (1969) ) the chains are highly flexible, assuming many different conformations within a very short period of time. The liquid-like character of the bilayer interior is however different from that of a simple paraffinic melt. The AH values associated with the gel-to-liquid crystal transition are lower than the AH values for the melting of pure hydrocarbons. The same holds true for the entropy change in the process. The incremental AS per CH 2 group is only about 1 e.u. for the gel-to-liquid crystal transition of bilayers but is almost twice as large for the melting of simple paraffins (Phillips, Williams & Chapman, 1969) . These thermodynamic results already suggest that the hydrocarbon chains in the bilayer core are not as disordered as they are in a pure liquid hydrocarbon.
A quantitative characterization of the local orientational order of the fatty acyl chains is possible with deuterium nmr. By selectively labelling each segment of the hydrocarbon chain one can measure the order parameter, S GU , of the individual segments. Assuming axial symmetry of the segment motion S CT) can further be related to the molecular order parameter 5 mo i according to (Seelig & Niederberger, 1974 )
If the chains are fixed in the all-trans conformation and are just rotating around the long molecular axis, the molecular order parameter 5 m o l would be unity. The other extreme is that of a completely statistical movement through all angles of space, leading to 5 m 0 l = o. This simple statistical interpretation of S CD is not possible if specific geometric effects come into play as, for example, in the case of the as-double bond (cf. below). The order profile of a lipid bilayer shows the variation of the order parameter, S mol or 5 CD , with the position of the segment in the chain and is an expression of the average angular fluctuations around the bilayer normal. The order profile is amenable to statistical-mechanical interpretations and is also related to the positional fluctuations as determined by neutron diffraction (Zaccai et ah, 1979 ). An extensive discussion of some physical aspects of order profiles has been given elsewhere (Seelig, 1977) and only a few pertinent features will be reiterated here.
In view of the considerable effort required for the synthesis of selectively deuterated phospholipids it is not surprising that the number (Stockton et al 1977) . Reproduced with permission from Seelig & Browning (1978) .
of order profiles reported in the literature is still small.
2 H-nmr order profiles using selectively deuterated phospholipids have been established now for i,2-dipalmitoyl-.JM-glycero-3-phosphocholine (DPPC) , 1975 , i,3-dipalmitoyl-jn-glycero-3-phosphocholine (Seelig & Seelig, 1977; Seelig & Waespe-Sarcevic, 1978) and i,2-dipalmitoyl-.ro-glycero-3-phosphoserine (DPPS) (Seelig & Browning, 1978; Browning & Seelig, 1980) . In addition, egg-yolk lecithin with perdeuterated palmitic acyl chains intercalated physically , perdeuterated i,2-dipalmitoyl-sw-glycero-3-phosphocholine (Davis, 1979 ) and a glycolipid (Skarjune & Oldfield, 1979) have been studied. Though limited in number these order profiles comprise a fairly representative collection of different lipid classes, including saturated and unsaturated fatty acyl chains as well as different polar groups. In Fig. 8 the order profile of three synthetic phospholipids (POPC, DPPC, DPPS) are compared at a common reduced temperature, 0 = 0-061, corresponding to actual measuring temperatures of u , 60 and 71 °C (Seelig & Browning, 1978) . All order profiles are remarkably similar. This similarity is reflected not only in the plateau region with relatively constant order parameters (carbon atoms 2-9) and the subsequent decrease of Smoi towards the methyl terminal, but also in such details as the zig-zag in all order profiles at carbon atoms 2-4.
This characteristic signature of model membranes is carried over into biological membranes. Three order profiles of biomembranes are known in some detail to date. As a first example we have included in Fig. 8 the order profile of Acholeplasma laidlawii grown on perdeuterated palmitic acid (Stockton et al. 1977) . This natural membrane has no well-defined transition temperature, instead it shows a rather broad transition around 25 °C. Referred to this approximate phase transition temperature (T c = 298 °K) the measuring temperature of 42 °C corresponds to 0 = 0-057 which is tolerable for a comparison with the synthetic lipids at 0 = 0-061. The agreement between the order profile of Acholeplasma laidlawii and those of the pure phospholipid membranes is striking. It is interesting to note that the extremes in Fig. 8 are defined by DPPC and DOPC while DPPS and the Acholeplasma laidlawii membrane fall in between these boundaries. Thus the incorporation of a as-double bond is seen to promote larger changes in the order profile than, for example, the introduction of a net negative charge in the polar head group (DPPS) or the incorporation of proteins into the membrane. The divergence of the POPC order profile between carbon atoms 5-9 can be explained by a specific stiffening effect of the cw-double bond (Seelig & Seelig, 1977) .
As a second example we discuss 2 H-nmr measurements of membranes of Escherichia coli grown on selectively deuterated palmitic as well as oleic acid (Gaily et al. 1979) . In Fig. 9 the order profile of intact E. coli cells is compared with that of a synthetic lipid, i.e. POPC. For palmitateenriched E. coli cells the order profile resembles that of the sn-i palmiticacyl chain of POPC; for the oleate-enriched cells, it agrees with that of the sn-2 oleic acyl chain. The order profile of the oleic acyl chain is unusual at first sight since the double bond appears as a pronounced discontinuity in the curve drawn through the order parameters. A quantitative analysis shows that the dip in the S CD order profile of the oleic acyl chain is due to the geometry and the alignment of the cisdouble bond in the membrane. The most probable orientation of the m-double bond is not exactly parallel to the bilayer normal but the C = C vector is tilted by about 7-8 0 with respect to this direction. After correcting for this geometric factor, the molecular order parameters, S mol) are identical within error limits in both chains (Seelig & WaespeSarcevic, 1978) . The main conclusion of this study is again the striking similarity between the shapes of the order profiles of E. colt cells and pure POPC, despite the fact that these cells are surrounded by two different membranes, have a heterogeneous fatty-acid composition, contain more than 50 wt. % protein in the membranes and have phosphoethanolamine and phosphoglycerol instead of phosphocholine as polar groups. Even minor details in the dynamic chain structure such as the average orientation of the m-double bond are not distinctly modified by the presence of membrane-bound proteins.
In a third in vivo study Acholeplasma laidlawii has been grown on oleic acid selectively deuterated at 15 different chain positions, leading to the most complete order profile of a biological membrane known to date (Ranee et al. 1980) . Again, this order profile is characterized by a conspicuous dip at the position of the cw-double bond and is virtually superimposable on the order profile of synthetic POPC, lending further support to the conclusion that the orientational chain order of the phospholipids is not extensively perturbed by the membrane proteins.
Having established the close similarity of order profiles of model membranes and biological membranes at the same 0 temperature one can briefly discuss the molecular interpretation of this 'fluid bilayer signature' (Bloom, 1979) . Compared to neutron diffraction, which yields direct information on the segment positions, 2 H-nmr provides less direct information and appropriate models for the chain flexing movements must be conceived.
Let us first consider the thickness of the phospholipid bilayer. It is intuitively reasonable that the segmental angular fluctuations (as measured by 2 H-nmr) and the average segment positions (as obtained by neutron diffraction) are linked together through the spectrum of conformations available to the fatty acyl chains. Based on trans-gauche isomerizations a simple model has been proposed to calculate distances between deuterated segments from the deuterium order parameters, "Smoi, °f t n e ^dividual segments Schindler & Seelig, 1975) . The average chain length <X> of a fatty acyl chain with n carbon-carbon bonds is found to be Comparison with neutron diffraction data Oldfield et al. 1978 a, b) shows that this calculation, while exceptionally simple, is nevertheless in excellent agreement with the scattering data. Using this procedure, bilayer thicknesses of the hydrocarbon region between 33 and 35 A have been calculated for DPPC and DPPS above the transition temperature Browning & Seelig, 1980) . The all-trans state has a thickness of 45-9 A (measured from the ester bonds), thus the difference of 10-12 A between these two values is the transbilayer contraction at the gel-to-liquid crystal transition (cf. Fig. 12B ).
An in-depth analysis of 2 H-nmr profiles requires also more complicated statistical-mechanical theories. Most of the statistical theories suggested Lipid conformation in membranes 39 for lipid bilayers are primarily interested in the thermodynamic properties of bilayers, in particular in the change of the thermodynamic functions at the phase transition, and are not capable of explaining structural features such as the 2 H-nmr order profile. Only one theory is available at present which also provides detailed insight into the microscopic structure of lipid bilayers (Marcelja, 1974) and this has been applied successfully to the 2 H-nmr order profile of DPPC (Schindler & Seelig, 1975) . The basic features and results of this theory have been discussed earlier (Seelig, 1977) . A modification of the Marceljamodel has been proposed by Gruen (1980) . In contrast to Marcelja's original approach, the latter theory is limited to the liquid-crystalline state and does not permit any conclusions about the thermodynamic changes occurring at the phase transition. Another approach has been chosen by Meraldi and Schlitter (unpublished work), who have extended a generalized van-der-Waals theory of nematic liquid crystals to flexible molecules. In this model the chain-chain interaction is treated for the attractive forces in a molecular field approximation and for the repulsive forces by a hard core potential. The Meraldi-Schlitter model gives a precise account of the thermodynamic properties at the phase transition, allows an excellent simulation of the 2 H-nmr order profile and its temperature dependence, predicts the average segment positions in agreement with the neutron diffraction data, and also calculates the packing density of the chains as reflected in the electron density profile of such systems (e.g. Cain, Santillan, & Blasie, 1972) . This complete and consistent picture of the available structural and thermodynamic data is provided within the frame of the rotational isomeric model; no chaintilting or rigid-body motion of the fatty acyl chains needs to be invoked.
Statistical-mechanical theories allow the calculation of conformational probabilities which are not accessible otherwise. From the simulations of the 2 H-nmr order profile it can be concluded that each fatty acyl chain in DPPC above T c contains between 4 and 5 gauche rotamers, a value which is also supported by Raman spectroscopy (Gaber & Peticolas, 1977) , and other theoretical models. The calculation further shows that 'kink'-like structures, i.e. conformational sequences such as g+tg-, have a probability of less than 0-5 kinks per fatty acyl chain (cf. Seelig, 1977) . Thus the very appealing pure 'kink' model of lipid bilayers (Trauble, 1971) is not in accordance with the physical reality of a fluid lipid bilayer.
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Structural data at a microscopic level of phospholipid mesophases other than lamellar are still scarce. The interchain separation of hexagonal or inverted hexagonal mesophases gives rise to the same diffuse wide-angle X-ray reflex at (4-6 A)" 1 as observed for lamellar bilayers (Luzzati, 1968) . On the other hand, it is obvious that the different mesophase geometries must impose different packing constraints on the fatty acyl chains. This is indeed borne out by a H-nmr experiments on i,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE). X-ray investigations suggest that unsaturated phosphatidylethanolamines have a strong tendency to form inverted hexagonal phases (Rand, Tinker & Fast, 1971) . In this structure a cylindrical core is made up from water molecules and this inner aqueous cylinder is surrounded by the lipid polar groups with the fatty acyl chains facing outward, forming a semiliquid hydrocarbon environment between the aqueous rods. Aqueous dispersions of DEPE show a transition from a lamellar phase at 41 °C to an inverted hexagonal phase at 61 °C. (Cullis & de Kruijff, 1978) . The anchoring and structure of the polar head group at the lipid water interface is exactly the same in both phases as judged from the phosphorus chemical shielding anisotropy of the phosphate group and the deuterium quadrupole splitting of the C-2 segment. By contrast, the quadrupole splittings of segments located further down the chain clearly show a considerable gain in configuration freedom in the hexagonal phase. The fatty acyl chains of the hexagonal phase must be packed less regularly than those of the bilayer phase (Gaily et al. 1980 ).
Phospholipid dynamics and membrane fluidity
As has been emphasized before, the information obtainable from 2 Hnmr is of two kinds. Measurement of the quadrupole splittings, Av 0 , furnishes information about the time-averaged orientation of the segments involved. In contrast, measurement of the deuterium nmr relaxation times gives information on the rate of segmental motion. The correlation between chain order and chain mobility is not well understood as yet, and it is thus important to keep the two concepts apart. 2 H-nmr is especially suited to yield experimental data on both aspects of membrane behaviour, but it should also be obvious that the distinction between time-averaged structural parameters (such as order parameters) and dynamic parameters (such as relaxation times, correlation times and f Data refer to both chains. % Unresolved resonances of carbon atoms C4-C13.
• Perdeuterated DPPC at 47 C C. a Lee et al. (1976) . b Gaily et al. (1975) . c Brown, Seelig & Haberlen (1979) . A Davis (1979) . e Akutsu, J. Browning and J. Seelig (unpublished results). 42 J. SEELIG AND ANNA SEELIG microviscosity) refers to membranes in general and is independent of the specific technique employed. This is also illustrated by fluorescence spectroscopy, where it has been realized only recently that the interpretation of fluorescence depolarization measurements exclusively in terms of microviscosity is incorrect, but that the fluorescence anisotropy is equally dependent on the ordering of the fluorescent probe in the membrane (Heyn, 1979; Jahnig, 1979) . Thus the correct evaluation of fluorescence anisotropy data leads to an order parameter as well as to correlation times. The problem of fatty acyl motions in phospholipid bilayers has been investigated with 2 H-nmr using selectively deuterated 1,2-dipalmitoylwi-glycero-3-phosphocholine (Brown, Seelig & Haberlen, 1979) , DPPC with perdeuterated fatty acyl chains (Davis, 1979) or selectively deuterated stearic acids intercalated in egg lecithin vesicles . Table 1 provides a summary of 2 H spin-lattice relaxation times, 7\, of selectively deuterated DPPC in unsonicated lipid bilayers and in organic solution. The data are compared with 13 C-nmr relaxation times which constitute probably the most extensive other set of information on phospholipid mobility in membranes (Lee et al., 1976) . The 13 C-nmr relaxation times are about one order of magnitude larger than the corresponding deuterium relaxation times which can be traced back to the different relaxation mechanisms involved. The deuterium nucleus relaxes via quadrupole relaxation which is especially fast because of the large quadrupole moment of the deuterium nucleus. By contrast, the dominant relaxation mode for 13 C-nmr is provided by intramolecular proton carbon dipolar interactions. More interesting than the absolute values of the relaxation times is the dependence of T 1 on the segment position. Inspection of Table 1 reveals that the same trend is observed by both methods. (1) The glycerol backbone has the shortest relaxation time which means that this part of the molecule is moving most slowly. On the other hand, the longest relaxation times are observed for the methyl groups at either end of the phospholipid molecule, indicating very fast internal rotations of the methyl rotors.
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(2) The relaxation times of the two methylene segments in the polar head group (C a and C^) are rather similar. Even closer agreement has been obtained for the same segments in other polar groups such as phosphoethanolamine and phosphoserine. (Browning & Seelig, unpublished work) and is indicative of a strongly correlated motion of these two segments. (3) The relaxation times of the fatty acyl chains appear to be more or less constant over the first half of these chains (C3-C9) followed by an increase in the central region of the bilayer. Again the 13 C-relaxation time profiles parallels that of 2 H-nmr to a large extent. All relaxation times 2\ increase with increasing temperature, which implies that the correlation time T C of the segment reorientation falls in the so-called short correlation time regime with &)J rl <^ 1, where w 0 is the measuring frequency in rad/sec. Assuming a single type of segment reorientation, i.e. a motion sufficiently characterized by a single correlation time T C , the following expression holds for the short correlation time limit (Seelig, 1977; Davis, Jeffrey & Bloom, 1978; Brown, Seelig & Haberlen, 1979) .
In principle, the deuterium 7\ relaxation time depends on both the ordering (S CT) ) and rate of motion (T C ). However, the order parameters, S CD , for the fatty acyl chain segments are between zero and -0-2. Consequently, the order correction in the last equation tends to be less than 20%. In Fig. 10 we have compared the rotational correlation times derived using equation (5) w r and V are radius and volume of the sphere, respectively, and kTis the thermal energy. The derivation of equation (6) is based on a hydrodynamic approach which treats the bilayer as a continuum. The experimental data suggest that this may not necessarily be correct. Using an effective volume of 27-0 A 3 for the CH 2 group (Tardieu et al. 1973 ) one calculates a microviscosity of 17 ct 13 cP (at 51 °C) for the rotational friction in the plateau region of the DPPC bilayer. The rotational microviscosity estimated from "C-nmr relaxation times is c. 50 cP (Lee et al. 1976) . Other methods such as spin label electron paramagnetic resonance or fluorescence depolarization spectroscopy provide values which range from 1 cP (Dix, Kivelson & Diamond, 1978) to c. 100 cP (Hare & Lussan, 1977) . The differences can probably be attributed to the presence of 'probe effects', i.e. the different rotational slip or effective friction coefficient associated with the individual ' probe' molecules, and illustrate the difficulties inherent in the concept microviscosity. Again different results are obtained when bacteriohodopsin is used as a probe to measure membrane viscosity. Depending on the protein-to-lipid ratio, viscosities ranging from about 3-50 P are estimated (Cherry et ah, 1977; Cherry, 1979) . This result can be interpreted to suggest that (i) small probes are more sensitive to the local hydrocarbon chain motions than large probes and (ii) the membrane viscosity is modified by the presence of proteins.
IV. L I P I D -P R O T E I N INTERACTION
In biological membranes the number of lipid molecules in immediate contact with membrane proteins is quite large due to the rather high protein-to-lipid ratio (P/L > 1 wt/wt) and some molecular parameters of the lipid-protein interface must change compared to the protein-free membrane. The present section will concentrate on some physicalchemical aspects of lipid-protein interaction; the biochemical problem of regulation of membrane enzymes by lipids is distinctly more complex Hz]elaidoyl-*n-glycero-3-phosphocholine and the quadrupole splitting is 21 -5 kHz. The lower spectrum is due to be reconstituted sarcoplasmic reticulum exchanged with the same lipid. The quadrupole splitting is reduced to 188 kHz.
(B) Measurement below the phase transition temperature. Measuring temperature 4 °C. Upper spectrum: pure DEPC. Lower spectrum: reconsituated sarcoplasmic reticulum . and beyond the scope of this article (for a review see Sandermann, 1978) .
Some of the earliest evidence for the physical interaction of lipids with proteins has come from spin label electron paramagnetic resonance (epr). In brief, spin-label epr spectra of a variety of reconstituted lipidprotein systems have revealed the existence of two different types of environments. One spectral component is characteristic of a normal fluid lipid bilayer, whereas the second spectral component is ascribed to a more immobilized spin label. The second component is observed only in the presence of protein and grows in proportion to the protein content in the membrane. From this evidence it has been concluded that the more immobilized signal is due to lipid molecules in immediate contact with the hydrophobic surface of the membrane proteins (Jost 46 J. SEELIG AND ANNA SEELIG Hesketh et al. 1976 ; for a review see Jost & Griffith, 1980) . Electron paramagnetic resonance is characterized by a relatively short time-scale. If the problem of lipid-protein interaction is investigated on the much lower time scale of 2 H-nmr the results appear to be different at first sight. Two approaches have been employed. One possibility is the purification and delipidation of membrane bound proteins followed by reconstitution with selectively deuterated lipids, the other possibility is the biosynthetic incorporation of deuterated fatty acids or other deuterated substrates into biological membranes. In the latter case the intact biological membrane is compared with aqueous bilayer dispersions formed from the extracted lipids (Gaily et al. 1980) . A variety of membrane proteins has now been reconstituted in functional form into a matrix of deuterated lipids, most notably cytochrome c oxidase (Oldfield et al. 19786; Seelig & Seelig, 1978; and Ca 2+ -dependent ATPase . Typical 2 H-nmr spectra of reconstituted functional sarcoplasmic reticulum membrane vesicles exchanged to 99% with a single lipid environment are shown in Fig. 11 . The lipid used in this study is i,2-di[3,io-2 Hz]eloidoyl 2 -w-glycero-3-phosphocholine (DEPC), which accounts for c. 90 % of the total lipid, the rest being non-deuterated DEPC. Above the phase transition temperature of DEPC (10 °C) the spectra are characteristic of a fluid lipid bilayer with a single quadrupole splitting. Indeed, the general observation in all 2 H-nmr reconstitution studies reported so far is that only one homogeneous lipid environment is present above T c even when a substantial amount of protein is present. The 2 H-nmr experiments give no indication for a strong, long-lived interaction between the membrane protein and the lipid. Instead, the data can be explained by a relatively rapid exchange between those lipids in contact with the protein and those further away from it. This exchange must be fast on the 2 H-nmr time scale (exchange rate > io 4 Hz) in order to produce a single component 2 H-nmr spectrum but slow compared to the epr-time scale (exchange rate < io 7 Hz) in order to account for the two-component spin label spectrum. Thus the simplest explanation for the differences between epr and 2 H-nmr reconstitution studies would be a time-scale effect (cf. Jost & Griffith, 1980) . On the other hand, spin-label experiments have been reported in which spin-labelled fatty acids have been covalently attached to a membrane protein, rhodopsin, and no appreciable perturbation of the fatty acyl chains was found in the natural disc membrane (Davoust et al. 1980 , and references cited therein). The same probe linked to rhodopsin in eggyolk lecithin-rhodopsin vesicles sees, however, two environments. The explanation is proposed that the immobilized component reflects proteinprotein contact and therefore is due to labelled lipid chains trapped between clustered proteins (cf. also Chapman et al. 1979 , for a review).
2 H-nmr is generally more sensitive to structural and dynamic changes than spin label epr, and even though the method does not detect a specific boundary layer of lipids, a closer inspection of the 2 H-nmr spectra of reconstituted membranes reveals three interesting features, (i) Membranes with protein exhibit a small, but finite decrease (10-25%) in the quadrupole splitting compared to pure lipid samples, (ii) The deuterium ^-relaxation times are shorter by about 20-30% in reconstituted membranes, (iii) The apparent linewidth of the 2 H-and 31 P-nmr spectra increases in protein containing samples (cf. Fig. 11 A) .
The reduction in the deuterium quadrupole splitting can be ascribed to a disordering effect of the protein interface. In most membrane models presented in the literature the membrane proteins are drawn as smooth cylinders or rotational ellipsoids. This is probably not very realistic. Even if the protein-backbone is arranged in an a-helical configuration, the protrusion of amino acid side-chains will lead to an uneven shape of the protein surface. This is illustrated in Fig. 12 A with a molecular model of glycophorin. Glycophorin is an intrinsic membrane protein the sequence of which has been determined (Furthmayr, 1977) . Fig. 12A represents a molecular model of the hydrophobic part of this sequence which is supposed to span the bilayer membrane. Following the contours of the model the roughness of the protein surface becomes obvious even in its two-dimensional projection. The lipids, since they are flexible molecules, will follow the shape of the protein to a certain extent creating a closely packed hydrophobic barrier. Though already disordered in the pure lipid bilayer, the fatty acyl chains become even more distorted by the contact with the hydrophobic site. This is shown schematically in Fig. 12 C, where the hydrocarbon chains are twisted more or less dramat cally in order to fill the glycophorin surface. The reduction of the deuterium order parameter by the membrane protein is quantitatively equivalent to a rise in temperature of the pure lipid bilayer by 20-30 °C. The spatial disorder of the hydrocarbon chains may further be augmented by density fluctua- Fleischer, Hymel & Seelig (1980) . tions on the protein surface itself. It has been suggested that membrane proteins have a ' fluid-like' outer region which provides an approximate fluid mechanical match with the liquid crystalline phospholipid membrane (Bloom, 1979) .
The observed disordering effect does not necessarily imply an increase in the configurational space available to the fatty acyl chains. In fact, it appears to be more probable that the total number of chain configurations is reduced, while the statistical probability of more distorted chain conformations increases at the same time.
From the increase in spatial disorder it cannot be concluded that the membrane is also more fluid. On the contrary, deuterium 7\ relaxation time measurements suggest a decrease in the rate of segment reorientation in the presence of protein. Such deuterium T 1 measurements have been performed with cytochrome c oxidase and reconstituted sarcoplasmic reticulum and some representative results are summarized in Table 2 . The addition of protein decreases the relaxation time in both cases. Above T c the motion still falls into the fast correlation time regime as evidenced by the longer T x relaxation times at higher temperatures. According to equations (5) and (6), shorter 7\ relaxation times are therefore equivalent to an increase in the microviscosity. This conclusion is supported by 13 C-nmr experiments with reconstituted sarcoplasmic reticulum (Stoffel, Zierenberg & Scheefers, 1977) . The 7\ relaxation rates of 13 C-labelled lipids decrease continuously with increasing protein concentration in the membrane. However, an unam-biguous quantitative analysis of these changes is not possible. In particular, it is difficult to see how the fast motions of the hydrocarbon chains can be related to the slower motions of the proteins.
The disordering effect of membrane proteins on the lipid fatty acyl chains could also provide an explanation for some thermodynamic peculiarities of lipid-protein systems. Aqueous dispersions of synthetic phospholipids are characterized by a relatively sharp gel-to-liquid crystal phase transition with a well-defined transition temperature T c and a transition enthalpy AH (Chapman, 1975) . Upon addition of protein the transition gradually broadens and the transition enthalpy decreases. At high protein concentrations the phase transition may not be detectable at all (Curatolo et al. 1977; Chapman et al. 1977; van Zoelen et al. 1978; Mombers et al. 1979) . The broadening of the phase transition has also been confirmed by other methods as, for example, fluorescence spectroscopy Heyn, 1979) . The most plausible explanation for this broadening is a loss of cooperativity due to lattice defects. Below the transition temperature T c the fatty acyl chains of a pure lipid bilayer are arranged in a quasicrystalline lattice with the chains more or less in the extended all-trans conformation. Heating the system above T c destroys the lattice order which is accompanied by the consumption of energy. By contrast, the lipids in protein-containing membranes are forced to adopt a more irregular conformation. The protrusions from the protein backbone prohibit a perfect regular packing and the more disordered conformations of the liquid state are already pre-formed below T c .
Experimental support for this supposition could come from the direct observation of lipids below the gel-to-liquid crystal transition temperature. 2 H-nmr gel-state spectra have been reported now for Acholeplasma laidlawii (Smith et al. 1979; Ranee et al. 1980) , Escherichia colt Nichol et al. 1980) , and for a variety of reconstituted membranes , and references cited therein). Gel-state spectra of reconstituted sarcoplasmic reticulum and pure phospholipid bilayers at the same temperature are shown in Fig. 11 B. The interpretation of such spectra is more complex, since they can no longer be described by a single order parameter. At present it is unclear if the spectral shape results from slow-motion effects (Meirovitch & Freed, 1979) or from a distribution of order parameters. If the assumption of an order parameter distribution should turn out to be the correct quantitative approach, then the spectrum of recon-stituted sarcoplasmic reticulum certainly comprises a larger distribution of quadrupole splittings than that of the pure lipid. This, in term, would imply a larger spectrum of chain conformations in the reconstituted membrane (cf. also Pink & Zuckermann, 1980) . The effect of proteins on the lipid structure may be compared with the incorporation of cholesterol. With regard to the thermodynamic properties, cholesterol also acts as an 'impurity', i.e. the phase transition of the pure lipid bilayer is broadened and the transition enthalpy is reduced and eventually eliminated when increasing amounts of cholesterol are added (cf. Chapman, 1975; Mabrey, Mateo & Sturtevant, 1978 , and references cited therein). Likewise, 2 H-nmr spectra of cholesterol-phospholipid mixtures in the concentration range of about 0-50 mole % are characteristic of a single, homogeneous phase, at least at temperatures above T c (Haberkorn et al. 1977; . However, compared to the disordering effect of proteins cholesterol induces a dramatic ordering effect in the bilayer structure. At a phospholipid/cholesterol 1/1 molar ratio the molecular order parameter of selectively labelled lipids has almost doubled compared to the cholesterol-free bilayer (Gaily, Haberkorn et al. 1977; Oldfield et al. 1978 a; . The different influence of cholesterol compared to membrane proteins is understandable if one takes into account the different shapes of the two components. Cholesterol is a flat, rod-like molecule with a rigid molecular frame. The presence of this molecule in the membrane therefore drastically restricts the trans-gauche isomerizations and flexing motions of the hydrocarbon chains, thus explaining the increase in the order parameter.
As a general conclusion it follows that in both cases investigated the lipids are mainly influenced by the shape of the ' guest' molecules, i.e. protein or cholesterol. The available data provide no evidence for thermodynamically stable complexes of well-defined stoichiometry.
V. T H E POLAR HEAD GROUPS: IONIC INTERACTIONS
From the biological point of view the specific recognition of phospholipid polar groups by membrane proteins appears to be most intriguing. Unfortunately, little is known about possible head-group specificities of membrane-bound enzymes (cf. Sandermann, 1978) . Physical-chemical studies on phospholipid head groups, though quite numerous, have also not been very revealing (for a review see Hauser & Phillips, 1979) . It is in this area of head-group structure and head-group interactions where methods such as 2 H-nmr and neutron diffraction could become very powerful analytical tools. A few promising steps in this direction have already been made but the present section must remain more an outlook than a definitive review.
The synthesis of head-group deuterated lipids is more demanding than the deuteration of the fatty acyl chains. Complete sets of head-group deuterated derivatives are now available for $K-3-phosphatidylcholine (Gaily, Niederberger & Seelig, 1975) , JM-2-phosphatidylcholine , phosphatidylethanolamine (Seelig & Gaily, 1976) , phosphatidylserine (Browning & Seelig, 1980) and phosphatidylglycerol (Wohlgemuth et al. 1980) . In addition, a glycolipid has been selectively deuterated in the sugar moiety (Skarjune & Oldfield, 1979a) .
As a first result, head-group labelled lipids in combination with neutron diffraction methods have helped to decide the controversial issue of head-group orientation. For bilayers of phosphatidylcholine it could be demonstrated that the average orientation of the phosphocholine dipole is nearly parallel to the membrane surface, in the gel state as well as in the liquid crystalline state . The same head-group orientation has been established for bilayers of phosphatidylethanolamine (Buldt & Seelig, 1980) . In single crystals of phosphatidylethanolamine (Hitchcock et al. 1974 ) and phosphatidylcholine (Pearson & Pascher, 1979 ) the head group is also parallel to the bilayer surface. The alignment of other head groups is not known at present but such data should become available soon from neutron diffraction measurements.
Comprehensive 2 H-and M P-nmr head-group studies have been reported for phosphocholine, phosphoethanolamine, phosphoserine and phosphoglycerol. A comparison of the corresponding quadrupole splittings, AI>Q, and chemical shielding anisotropies, Ac, is given in Table 3 . The nomenclature a, ft, y is employed for the deuterated head-group segments, the a-segment being closest to the phosphate group, the y-segment being farthest away from it. The following conclusions can be derived from these investigations, (i) Each head group has its own characteristic set of spectroscopic parameters which is not influenced much by the rest of the molecule. Thus almost identical spectral patterns are obtained for i,2-dimyristoyl-/i,2-dioleoyl-«t-glycero-3-phosphoserine and sn-2-/sn-2 phosphatidylcholine, respec- X Two quadrupole splittings are observed for the a-CD 2 segment which presumably must be assigned to the two deuterons: sn-2-DPPC jn-3-DPPC 3,1 '-DPPG 1,2-dipalmitoyl-$n-glycero-3-phospho-1 '-glycerol DPPE 1,2-dipalmitoyl-jn-glycero-3-phosphoethanolamine DMPS 1,2-dimyristoyl-$n-glycero-3-phosphoserine DOPS 1,2-dioleoyl-$n-glycero-3-phosphoserine (a) Gaily et al. (1975) . (b) . (c) Wohlgemuth et al. (1980) . (d) Seelig & Gaily (1976) . tively.
(ii) In spite of some distinct differences in the spectroscopic properties, the data suggest similar head-group structures and motions for phosphocholine, phosphoethanolamine and phosphoglycerol. The AVQ and Acr values of the phosphoserine head group are definitely larger. Lipid conformation in membranes 53 (iii) All head groups exhibit restricted internal rotations. A completely rigid head group appears to be inconsistent with the spectroscopic data as is the other extreme, i.e. a head group with unhindered bond rotations (cf. also Hauser et al. 1980) . Motional models which are in agreement with the X-ray diffraction structure analysis have been proposed (cf. Skarjune & Oldfield, 19796) . The rate of rotation of the phosphocholine dipole has been determined from dielectric measurements and a relaxation time of 2-3 nsec at 50 °C in fully hydrated samples was obtained (Shepherd & Biildt, 1978) . This is about an order of magnitude slower than the relaxation rate of zwitterionic dipoles of comparable molecular weight in aqueous solution, (iv) In bilayers of phosphatidylcholine or phosphatidylethanolamine the polar groups are little influenced by the addition of cholesterol (Brown & Seelig, 1978) . From neutron diffraction studies it is known that cholesterol is anchored with its hydroxyl group in the vicinity of the fatty acid carbonyls, i.e. below the polar group (Worcester & Franks, 1976) . As far as these two head groups are concerned cholesterol simply acts as a spacer molecule, (v) The choline and ethanolamine head groups are sensitive to cations. Significant changes in the quadrupole splittings of the a and /? head group segments are induced by di-and trivalent cations. Monovalent cations and various anions have only little effect (Brown & Seelig, 1977; H. Akustu & J. Seelig, unpublished results) . Fig. 13 contains representative results for the <x-CD 2 group of bilayers of 1,2-dipalmitoyl-sn-glycero-3 -phosphocholine. Chloroform has no effect on this segment while addition of ions decrease the absolute value of the quadrupole splitting. The detailed analysis of such binding data may eventually lead to a quantitative understanding of the mode of interaction of ions with an electrically neutral membrane surface. 2 H-and 31 P-nmr studies specifically directed towards an elucidation of polar head-group interactions with proteins are only in their beginning. Methyl deuterated choline has been incorporated biosynthetically into rat liver mitochondria and mouse fibroblasts (Oldfield, Meadows & Glaser, 1976) . It could be demonstrated that it is technically feasible to measure 2 H-nmr quadrupole splittings even at very low concentrations of deuterated material. Under these conditions the natural abundance of deuterium in water may interfere with the head-group signal and the use of deuterium-depleted water is recommended. A second example is the development of E. colt mutants which are defective in the synthesis of glycerol. If the glycerol auxotrophs are grown on specifically deutera- Seelig, unpublished results.) ted glycerols, the glycerol backbone of the various phospholipids as well as the head groups of phosphatidylglycerol and cardiolipin are selectively labelled (H. U. Gaily, G. Pluschke, P. Overath & J. Seelig, unpublished results). Well-resolved 2 H-nmr spectra have been obtained from the various segments, opening the way for a comprehensive headgroup study of an intact biological membrane. It can therefore be hoped that the application of 2 H-and 31 P-nmr methods to the polar head-group region will become equally fruitful and revealing as it already has been for the study of the hydrophobic part of the bilayer membrane.
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